INTRODUCTION {#sec1-1}
============

Male androgenetic alopecia (AGA), also called male pattern baldness, is a frequent disorder characterized by progressive hair and follicular miniaturization in a very similar pattern among affected men that is classified according to the Hamilton--Norwood scale.\[[@ref1][@ref2]\] Genetic predisposition, androgens, and aging are closely related to AGA, but pathogenesis has not been clarified yet.

Dermal papilla is considered a key element in AGA development\[[@ref3]\] and thickening and hyperplasia of the dermal sheath is the only universally accepted histopathological evidence in AGA.\[[@ref4]\] Both dermal papilla and dermal sheath are considered as a functional unit\[[@ref5]\] which constitute the dermal component of the hair follicle, and its metabolism is bidirectional in the anagen-catagen transition.\[[@ref6]\] The alteration of this tissue remodeling may cause an excessive collagen network that would not be fully digested later, resulting in physical blocking of the hair canal by a fibrotic process called perifollicular fibrosis.\[[@ref7][@ref8][@ref9]\]

Transforming growth factor β-1 (TGFβ-1) is related to fibrosis by upregulating extracellular matrix (ECM) synthesis in many tissues\[[@ref10]\] and it causes epithelial inhibition in hair follicle,\[[@ref11]\] so it seems to play a fundamental role in AGA pathogenesis. Moreover, TGFβ-1 overexpression is induced by androgens in balding dermal papilla due to enhanced androgen sensitivity.\[[@ref12]\] Inui *et al*. have shown that this androgen sensitivity of dermal papilla cells is regulated by androgen receptor (AR) co-activator Hic-5/ARA55, a focal adhesion associated protein belonging to the family of paxillin.\[[@ref13]\] Although Hic-5 is located predominantly in the focal adhesion, it can also be found in the nucleus\[[@ref14]\] where it could directly affect TGFβ-1 gene expression in association with AR and dihydrotestosterone. Interestingly, a triggering stimulus that can alter the inactive standby status of Hic-5 is the deformation of the cytoskeleton by physical forces;\[[@ref15][@ref16]\] therefore, mechanical stimulation can promote overexpression of molecular signals implicated in AGA pathogenesis.

This fact takes sense if it is considered that scalp skin susceptible to be affected by AGA presents unique anatomical and biomechanical features. Regardless the pattern or degree of severity, AGA is always limited to the skin overlying the galea aponeurotica. This is a thin and relatively inelastic tendon-like tissue sheet that communicates the frontal and occipital bellies of occipitofrontalis muscle.\[[@ref17]\] Balding scalp skin is firmly bounded to galea by fibrous rigid subcutaneous layer, so elastic deformation affecting the galea is shared by the three upper layers as a structural unit\[[@ref18]\] \[[Figure 1](#F1){ref-type="fig"}\], whereas the remaining scalp skin freely slides over deeper layer, with low strain transmission to hair follicles and unaffected by AGA.

![Layers of the scalp. Mechanical strain is transmitted from galea to skin](IJT-7-95-g001){#F1}

Thus, the aim of the present study was to analyze the correlation between stress distribution in the galea and clinical progression of male pattern baldness in order to know whether mechanical stress is involved in AGA phenomenon.

MATERIALS AND METHODS {#sec1-2}
=====================

Finite element analysis of stress distribution in the galea {#sec2-1}
-----------------------------------------------------------

A model for finite element analysis (FEA) was constructed by using the program LISA FEA (version 8.0.0 2013; LISA-Finite element technologies. Missisauga, Canada). The following methodology was applied to develop and resolve the model.

A geometric mesh was developed and adjusted to the galea aponeurotica anatomy. Model dimensions were: 210 mm length, 120 mm width, and 1 mm thick. Total surface was 268 cm^2^. Length and width dimensions were approximately the average of measurement taken in 10 adult men. The mesh had 252 elements and the total number of nodes was 1075.

The front limit corresponds to the galea insertion with the frontal bellies, which are considered as force effectors. This assumption was based on the study by Kushima *et al*. about the occipitofrontalis muscle, which classifies frontal bellies into two types: First, the laterally developed type, with no muscle fibers in the metopic portion and second, the generally developed type with muscle fibers also in the metopic portion.\[[@ref19]\] These two different morphologies determine the hairline and the direction of the muscle fibers. The author selected the laterally developed type because it is the most frequent type according to this report. Hence, two force vectors were set in a parallel direction to the longitudinal axis of the galea and slightly to the center line (10° to the center line relative to the longitudinal axis). In addition, the front limit of the galea model was deformed by increasing 2 cm of the length in the central metopic portion according to muscle type and hairline shape. As no references were found of the force generated by the frontal bellies, The author applied 1 *N* to each vector. Nonetheless, this quantitative variable is irrelevant for the purpose of this model because it does not affect symmetric stress distribution.

The rear boundary corresponds to the galea insertion with the occipital bellies, and it was configured as fixation because occipitalis muscles isometric contraction only anchors the galea.\[[@ref18]\]

The lateral limits and the galea surface are configured as free because the aponeurotic fibers do not gain a direct insertion onto the bone and the temporal and periauricular muscles are not related to the galea because they are inserted directly into the skull.

The galea was assumed to be an isotropic material due to its nature of regular tendon-like tissue sheet. Classically accepted physical properties for human tendons are attributed: Young\'s modulus 600 × 10^6^ N/m^2^ and Poisson\'s ratio 0.5.\[[@ref20]\]

The model was solved as a two-dimensional static stress problem by selecting von Mises stress because it is a proportional scalar to the elastic strain energy generated by external forces at each point of the galea \[[Figure 2a](#F2){ref-type="fig"}\].

![(a) Von Misses stress in the galea. Hairline and force vectors are configured as laterally developed frontal bellies. (b) Schematic sequence of androgenetic alopecia transition zones according to Hamilton--Norwood scale (typical pattern) (c) Regression line and Pearson product-moment correlation coefficient between A and B](IJT-7-95-g002){#F2}

Schematic distribution of androgenetic alopecia progression {#sec2-2}
-----------------------------------------------------------

The same mesh adjusted to the galea anatomy was applied to represent the clinical course of AGA by transference of the Hamilton--Norwood scale model. The author assigned a numerical value to each hair line transition zone between Grades II and VI of AGA. The overlap between stress distribution and AGA evolution (as well as between the galea and overlaying skin) allowed establishing their correlation in each exact point. The typical pattern of AGA was selected because it is the most frequent.\[[@ref21]\] Moreover, this representation is applicable to both typical and vertex types because they are very similar patterns \[[Figure 2b](#F2){ref-type="fig"}\].

Statistical analysis {#sec2-3}
--------------------

Data were coded, entered, and analyzed using Minitab 17 software for statistical science (version 17.1.0.0 20013; Minitab Inc. State College, PA, USA). Statistical analysis included mean value, student\'s *t*-test, standard error, and Pearson product-moment correlation coefficient (*r*) that were expressed in terms of *P* value. *P* ≤ 0.05 was considered statistically significant. Sample size was *n* = 228 and it corresponds to the central point of each mesh element with a surface of approximately 1 cm^2^. Regression line of correlation between von Mises stress in the galea and quantitative grade of AGA in each point is also performed. Elements close to occipital fixing are eliminated because the occipital skin is not firmly bounded to the galea at this level \[[Figure 2c](#F2){ref-type="fig"}\].\[[@ref19]\]

RESULTS {#sec1-3}
=======

In the present study, the mean von Mises stress was 153.5 ± 16.5 and of AGA transition zones was 4 ± 2. Stress distribution in the galea showed a highly significant correlation with AGA patterning (*r* = −0.885, *P* \< 0.001). The negative value is due to the inverse relationship between strain and terminal-vellus hair ratio.

The main limitation of this model was to place it in a two-dimensional mesh, and not in a three-dimensional geometry that corresponds to skull anatomy. Nonetheless, von Mises stress values only vary slightly due to the assumption of static stress model. Moreover, the curves of the subjacent cranial vault are little pronounced at this level, so even if a certain degree of error in this schematic model is assumed, the stress distribution obtained in this analysis would be very approximate to real conditions.

In Grade VII of AGA, the hair line advances beyond the limits of the galea. In this case, the mechanical strain could be transmitted to the follicles from the scalp linked to the galea itself. Logically, stress would be lower at this zone and would affect only to most severe and advanced cases. Needless to say, this correlation is only relevant to male pattern baldness. Despite female pattern hair loss has been classically considered an AGA analogous disorder; recent studies have demonstrated important differences in the pathological process.\[[@ref22]\]

CONCLUSIONS {#sec1-4}
===========

The result of this analysis indicates a constant linear dependence between elastic deformation of scalp and AGA patterning, which clearly identifies mechanical stress as an active factor in AGA.

The involuntary tonic contraction of occipitofrontalis muscle is related to psychological stress conditions,\[[@ref23]\] facial expression,\[[@ref24]\] the maintenance of visual field,\[[@ref19]\] and an aponeurotic tension model of human craniofacial growth,\[[@ref25]\] so the galea aponeurotica supports a continuous stress which is transmitted to ECM and cells of each tissue, dermal papilla, and dermal sheath cells included. The deformation energy does not cause apparent damage to scalp skin, but its interplay with androgens could be fatal in organ remodeling of hair follicles. This androgen-mediated molecular response to mechanical stimulation can play the anabolic role instead of biological virilization role, as it has been extensively studied in tissues whose function is closely linked to the physical force support.\[[@ref26]\] Furthermore, it has been reported that TGFβ-1 increases the expression of Hic-5 in hypertrophic scars fibroblasts\[[@ref27]\] and it potentiates AR transactivity in balding dermal papilla cells\[[@ref28]\] by autocrine loop \[[Figure 3](#F3){ref-type="fig"}\]. Hence, the long-lasting cyclic strain would cause a slow, chronic, and progressive environmental adaptation process in balding hair follicles since puberty.

![Mechanotransduction of mechanical stimuli to nucleus through Hic-5 shuttling](IJT-7-95-g003){#F3}

All these data suggest that stress distribution in the scalp determines AGA patterning and a stretch-induced and androgen-mediated mechanotransduction process in dermal papilla cells could be the primary mechanism in AGA pathogenesis.

DISCUSSION {#sec1-5}
==========

The result of this study can only be understood if it assumes that the hair follicle is a mechanosensitive organ. However, is it possible that quantitative differences in mechanical stress may cause AGA development? Although many genetic factors could affect stress in scalp hair follicles, probably the mechanical variable is not too different among all men, like androgen levels are similar between those AGA affected and those who are not.\[[@ref29]\] The increase of occipitofrontalis muscle activity due to any circumstance could be considered a hair loss accelerator, but it is unlikely that the mechanical variable can trigger the early development of baldness itself. Undoubtedly, the primary cause of AGA is intrinsic to hereditary predisposition, and a possible genetic factor could be the degree of response to mechanical stimuli in each individual. The pathology that presents greater association with AGA is benign prostatic hyperplasia (BPH)\[[@ref30]\] and recent research links BPH pathogenesis with prostatic pressure.\[[@ref31]\] Thus, the genes that regulate mechanosensitivity in androgen target tissues could be critically involved in AGA etiology.

The involvement of mechanical stress in AGA implies that hair follicles do not have genetically preprogramed androgen sensitivity. It is imperative at this point to mention the ingenious experiment by Nordstrom, who transplanted hair follicles from both balding and occipital scalp to the forearm. The result was the loss of hair from the balding scalp whereas the occipital hair continued growing.\[[@ref32]\] This study is considered a proof of genetic follicle preprograming, but according to the approach of the present paper, it would be necessary to know the strain supported by the forearm skin and to realize that the hair follicles close to receding hairline have already started a countdown toward the miniaturization, but not the occipital follicles. In hair transplantation, the grafted follicles start a new "balding clock," but hair growth would be guaranteed for many years even without preventive pharmacotherapy.

It is common to see that some patients (men as well as women) present a transient hypertrichosis localized in a hurt extremity after immobilization, so elimination of stretch in the skin seems to promote the anagen phase in body hair. In this sense, the treatment of scalp muscles with botulinum toxin Type A is effective in slowing hair loss.\[[@ref33]\] This therapy dramatically reduces occipitofrontalis muscle tone, which temporarily interrupts AGA evolution. The function of mechanosensitivity in dermal papilla could play a pivotal role in hair cycle control due to information received from the hair itself (e.g., hair length or traction).

Hence, to search for therapeutic agents that target the mechanotransduction signaling pathway in any level is a promising research field. Minoxidil, an internationally accepted drug against hair loss whose mechanism of action is not yet clarified could affect the first step of stretch-induced response by alteration of K^+^ mechanosensitive ion channels.\[[@ref34]\] Unfortunately, the effectiveness of these treatments would be limited to hair loss prevention and regrowth of follicles without advanced perifollicular fibrosis. The AGA pathological process ends by the complete destruction of some affected follicles,\[[@ref4]\] but most of them remain as vellus-like hair, so a large recovery is possible in theory. However, these therapies would face one of the biggest challenges of medicine today: Reversing a fibrotic process.
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